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We propose an equivalent circuit model of a discrete formulation to describe the interaction between 
the red cone syncytium and the HI horizontal cell syncytium in lower vertebrate retinas. Analytical 
solutions of the model provide intuitive understandings of spatio-temporal properties of light-induced 
responses in reference to membrane impedance, strength of chemical synapse and coupling resistance 
connecting neighbouring cells. Physiologically plausible values of these parameters are estimated using 
the solutions. Quantitative studies are made to elucidate the function of (1) the negative feedback from 
the HI horizontal cell to the red cone, and (2) the resistance increase of HI horizontal cell coupling 
by dopamine. 
Retina Red cone H1 horizontal cell Syncytium Model 
INTRODUCTION 
In the distal part of the lower vertebrate r tina, photo- 
receptors and horizontal cells respond to light with a 
graded voltage change. These cells are interacting by 
chemical synapses which are occasionally reciprocal. A
typical example of such reciprocal interaction is found in 
the network consisting of the red cone and the H1 
horizontal cell. The red cone sends excitatory signals 
to the HI horizontal cell with a sign-preserving synapse 
(Trifonov, 1968: Byzov & Trifonov, 1968). The HI 
horizontal cell in return sends negative feedback 
signals with a sign-inverting synapse (Baylor, Fuortes 
& O'Bryan, 1971; Murakami, Shimoda, Nakatani, 
Miyachi & Watanabe, 1982). These chemical synapses 
mediate signal transmissions in a short range. Namely, 
the signals are transmitted between cells in near vicinity. 
On the other hand, it is well known that horizontal cells 
of a same subtype are coupled by gap-junctions to form 
an electrically continual structure, syncytium (Naka & 
Rushton, 1967; Kaneko, 1971) and the electrical signals 
spread laterally along the horizontal cell syncytium to a 
long distance (Naka & Rushton, 1967; Lamb, 1976; 
Yagi, 1986). Cones of the lower vertebrate r tina are also 
known to be coupled electrically and to possess receptive 
fields which are larger than their morphological dimen- 
sions (Baylor et al., 1971 ; Lamb & Simon, 1976; Detwiler 
& Hodgkin, 1979). 
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Considering the above observations, one finds that the 
visual information is processed by interactions between 
the neural syncytia in the distal part of the lower 
vertebrate retina. In spite of those extensive physio- 
logical and morphological observations, there are only a 
limited number of reports directed at integrating those 
observations ystematically to study spatio-temporal 
properties of the cone and the horizontal cell responses. 
In the present paper, we propose an equivalent circuit 
model of a discrete formulation to elucidate the spatio- 
temporal properties of such reciprocally interacting 
syncytia. Analytical solutions obtained from the 
model provide intuitive understandings of the response 
properties in reference to physiological parameters, i.e. 
membrane impedance, strength of chemical synapse and 
coupling resistance connecting neighbouring cells. We 
studied the red cone and the H 1 horizontal cell responses 
with the model, focusing on the functions of the negative 
feedback from HI horizontal cell to the red cone and the 
resistance change of H1 horizontal cell coupling which 
has been revealed in the lower vertebrate r tina (Negishi 
& Drujan, 1979; Teranishi, Negishi & Kato. 1983). 
METHODS 
Equivalent circuit mode[ of a single [aver syncytium 
In this and the following section, we introduce math- 
ematical backgrounds todescribe spatio-temporal prop- 
erties of voltage responses in the neural syncytium. 
Figure 1 is an equivalent electric circuit of such syn- 
cytium which has been proposed to analyse the rod 
response (Torre & Owen, 1983). Each neuron is rep- 
resented by a membrane impedance, Zm(S), where s 
is a function of frequency .£ i.e. s = 2rCD'(j = x~) '  
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FIGURE 1. One-dimensional equivalent electrical circuit model of a 
single layer syncytium. Each neuron is represented by the membrane 
impedance Zm(S). Rs(s) represents he resistance of electrical synapse 
connecting neighbouring neurons, lk is the current induced in kth cell 
of the syncytium by an illumination. 
Neighbouring neurons are electrically coupled by a 
coupling resistance, R,, which is assumed to be constant 
in the present study. We calculate dynamical properties 
of electrical signals of the network in which neurons are 
arranged in an one-dimensional rray, for simplicity. 
The one-dimensional model describes the voltage 
response to an image which is homologous in one 
direction, e.g. a long narrow slit (Lamb, 1976). Torre 
and Owen 0983) obtained solutions for voltage re- 
sponses of the syncytium with a polynomial formulation. 
Here, we introduce another method to obtain analytical 
solutions from which more intuitive understandings 
for spatio-temporal properties of voltage responses are 
gained. 
Let us assume that we have 2n + l neurons which are 
numbered -n  . . . . .  0 . . . . .  n. Voltages of these cells are 
described by a set of equations, 
(c(s)+ I)V , ( s )+ V ,+ , (s )= -R , I  ,(s), (1) 
Vk , (s )+c(s)Vk(s)+ Vk+l(s)= -R~I,(s)  
(k=-n+l  . . . .  ,0 . . . . .  n - l ) ,  (2) 
V,_ l (S )+(c(s )+ 1)V,(s) = -R J , ( s ) .  (3) 
Here Ik(S) and Vk(s) are the Laplace transforms of 
light-induced current and voltage response of the kth 
cell, respectively, c(s) is a function of membrane 
impedance and coupling resistance xpressed as 
R~ 
c(s) = - (2+ Z- - -~) .  
When a stimulus of light is given only at the 
cell centre numbered 0, we find a relation 
Vk(s) = V k(S). Therefore, (1), (2) and (3) are combined 
to an equation, 
Here, 
Cv = -RJo(s)e. 




c 2 0 ... 0 0 
1 c l 0 . . .  0 
0 1 c l '-. : 
: ".. '.. ".. " .  0 
0 ... 0 1 c 1 
0 0 ... 0 l c+ l  
Practically, one may think that the number of cells, 
n, is sufficiently large and the voltage response becomes 
0 as a distance from the illuminated cell increases. In 
that case, the voltage response of kth cell is given by 
Appendix A 
Vk(s) = R~ Io(s) p (s) k, (4) 
@ ~(s) - 4 
where 
o(s) -c (s ) -  v/~s)2- 4 
2 
From (4) we can gain intuitive understandings of spatio- 
temporal properties of the voltage response in the single 
layer syncytium. When s is substituted with 2r~J)', the 
spatial distribution of an arbitrary frequency component 
of the voltage response is found to be described by 
p (2~J~). We will refer to p (s) as the decay constant. The 
modulus of the decay constant gives a rate of response 
decay as the response conducts to the neighbouring cell. 
The argument of the decay constant gives a phase shift 
of the response during the conduction. 
When the retina is illuminated with an image inducing 
a current, Ii(s)(l = -n  . . . . .  0 . . . . .  n) in the lth cell, the 
voltage response ofkth cell is expressed by a convolution 
between (4) and the light-induced current as 
- -  Rs  5"~ 
Vk(s) (sy ~ P 
, / c  2(s) - 4 ,~  
The response waveform can be obtained by transforming 
above equation into the time domain with the aid of 
inverse fast Fourier transform (FFT) algorithm. 
Equivalent circuit model of a double layer syncytium 
The method used to obtain the analytical solution for 
the single layer syncytium can be extended to a double 
layer syncytium in which two layers of syncytium are 
interacting with reciprocal chemical synapses [Fig. 2(A)] 
A typical example of such structure is seen in the 
network consisting of the red cone and the HI horizontal 
ceil. The equivalent electrical circuit model of the double 
layer syncytium is illustrated in Fig. 2(B). Impedances 
Zm~ (S) and Zm2(S) represent membranes of the first and 
the second layer cells, respectively. The coupling resist- 
ance connecting neighbouring cells of the first layer is 
represented by R~ and that of the second layer by Rs2. 
A strength of synaptic input from the first layer cell 
to the second layer cell is expressed by t~ (s) in S. Each 
cell of the second layer in return sends a feedback signal 
to the first layer cell. The strength of feedback synapse 
is represented by t2 (s). Since the synaptic transmission is 
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FIGURE 2. (A) Schematic diagram of a double layer syncytium. Neurons of the first layer are connected by the electrical 
synapse to constitute a neural syncytium. Neurons of the second layer constitute another syncytium. These two syncytia re 
interacting each other by chemical synapses (arrows). (B) Each neuron of the first layer is represented by the impedance Zm~ (S) 
and that of the second layer by the impedance Zm2(S ). The coupling resistance connecting neighbouring cells of the first layer 
is represented by R~ and that of the second layer by R~2. tt is the strength of the chemical synapse from the neuron of the 
first layer to that of the second layer. The strength of feedback synapse from the second layer neuron to the first layer neuron 
is represented by t 2. 
mediated by chemical reaction processes, t~ (s) and 12(S) 
are also frequency dependent.  These synaptic strengths 
are defined by 
t , ( s )= I~2(s) t2 (s )= Ikt(S--~) 
Vk,(s)' Vk2(s)" 
Here Vk~ (s) is the voltage of  the first layer cell numbered 
k and lkz(s) is the postsynapt ic urrent induced in the 
second layer cell by the synaptic input from the first 
layer cell. V,2(s) is the voltage of  the second layer cell 
numbered k and lk~ (s) is the postsynapt ic  current of  the 
first layer cell which is induced by the feedback synapse 
from the second layer cell. 
We will consider 2n + 1 neurons which are numbered 
-n  . . . . .  0 . . . . .  n for each layer. We first assume that 
only the cell centre of  the first layer is st imulated and 
the current, Io(s), is induced. As in the case of  
single layer syncytium, it is enough to consider cells 
numbered 0 . . . . .  n. Let us denote voltage distr ibutions 
of  the first and the second layer cells by vl and v 2 
which are 
v°'(s) 





Here, V~(s) (k = 0 . . . . .  n) is the Laplace transform of  
the voltage response of  the kth  cell in the first layer and 
V~2 (s) in the second layer. Apply ing Kirchhoff 's  current 
law at each node of  Fig. 2(B), we obtain a set of  
equations, 
CL v, + t2(s)Rsi vz = --R~tlo(s)e, (5) 
tl(s)R~2vl + C2vz = O. (6) 
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Here e is the unit vector. C~ and C2 are 
and 
C I = 
C 2 = 
cl 2 0 ... 0 
1 c2 I 0 ... 
0 I cl 1 "-. 
" "'. " .  "'. "-. 0 
0 ... 0 1 c~ 1 
0 0 ... 0 1 c l+ l  
"c2 2 0 ... 0 0 
1 c2 1 0 . . .  0 
0 1 c2 1 ".. : 
: ".. '.. ".. ".. 0 
0 ... 0 1 c z 1 
0 0 ... 0 I c2+ 1 
0 
0 
c,=- 2+z~ 5 ,c~=- 2+Zm2(,) J. 
On combining (5) and (6), we find equations, 
(C2C , - t ltzRsiRs2E)v I = -Rs ,  IoC2e, (7) 
(CLC2 - tlt2RslRs2E)v2 = tiR~zRslIoe. (8) 
Here, E is the identity matrix. When the number of cell 
n is sufficiently large, relevant solutions are expressed 
(Appendix B) as 
Vkl (S) = A 1 ( s )p  I (s) k "k A2(s)p 2 (s) k, (9) 
Gds) = B, (s)p, (s: + Bds)p2(s)*. (10) 
Here Pl (s) and p2(s) are 
p,(~)= -~(~)- ~ -  l, (II) 
p2(s) = - f l  (s) - ~/fl (s) 2 - I. (12) 
c¢ (s) and fl (s) are solutions of a quadratic equation 
X2 Cj +C 2 CjC 2 - t lRs l t2Rs2  
- x + = O, (13)  
2 4 
where 
(s) - c, (s) + ca(s) 
4 
+~ x/(cl (s) - c2(s)) 2 + 4tl (s)tz(s)R~l R~2, (14) 
# (s) - c, (s) + cds) 
4 
~(C[ (S) -- C2(S)) 2 q- 4g I (S)/2 (S)Rsl Rs2. ( l  5) 
Aj (s), A2(s), Bj (s) and B2(s ) are obtained by the bound- 
ary conditions (Appendix B). 
The solutions (9) and (10) indicate that an arbitrary 
frequency component of light-induced voltage response 
is characterized by two decay constants, pj (s) and P2 (s). 
Since the solutions have simple formulations, one can 
easily understand spatio-temporal properties of the 
responses in reference to physiological parameters, 
i.e. membrane impedance, coupling resistance and 
synaptic strength. 
When the retina is illuminated with an arbitrary image 
which induces the current It(s ) (l = -n  . . . . .  0 . . . . .  n) in 
/th cell of the first layer, the voltage responses of the first 
layer cell Vk~ (s) and the second layer cell Vk2(s) become 
G,(s)= A,(s) ~ p,(s)rk %(s) 
! = ~s( 
+A2(s)  ~ P2(S) Ik I%(s), (16) 
G2(s) = a,(s) ~ p,(s)~*-%(s) 
+B2(s) ~ pz(syk-~Jll(s). (17) 
I=  oC 
RESULTS 
In the distal retina, the red cone and the H1 horizontal 
cell are known to be interacting with reciprocal chemical 
synapses. Previous physiological and morphological 
studies on lower vertebrates have revealed (1) red cones 
are weakly coupled electrically and light-induced re- 
sponses pread to neighbouring ones (Baylor et al., 1971; 
Detwiler & Hodgkin, 1979), (2) H1 horizontal cells are 
tightly coupled electrically by gap-junctions and average 
the intensity of illumination over a wide area of the 
retina (Naka & Rushton, 1967; Kaneko, 1971), (3) red 
cones send excitatory (sign-preserving) signals to H1 
horizontal cells (Trifonov, 1968; Byzov & Trifonov, 
1968) and (4) HI horizontal cells send negative feedback 
(sign-inverting) signals to red cones (Baylor et al., 1971; 
Murakami et al., 1982). If we make the following 
assumptions: (1) membranes of the red cone and HI 
horizontal cell are described by a linear equivalent 
electric circuit; (2) synaptic transmissions between the 
red cone and the HI horizontal cell are described by 
a linear flter, e.g. low-pass RC-filter; and (3) gap- 
junctions connecting neighbouring cells behave as a pure 
resistive element, then the network consisting of red 
cones and H1 horizontal cells is found to be the double 
layer syncytium introduced in the previous section. 
Namely, the first layer of Fig. 2(A) corresponds to the 
red cone syncytium and the second layer corresponds to 
the HI horizontal cell syncytium. It has been revealed 
that the interaction between the cone and the horizontal 
cell is not one to one but several cones connect o one 
horizontal cell (Stell & Lightfoot, 1975). This conver- 
gence of the cone inputs onto the horizontal cell does not 
explicitly appear in the model. However, one can inter- 
pret that each cell of the second layer syncytium of Fig. 
2(A) does not represent a single HI horizontal cell but 
represents a compartment of the cell and the dimension 
of the compartment is obtained by dividing the H1 
horizontal cell by the cell spacing of red cone. 
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Spatial distribution of the steady-state response 
Using the analytical solutions obtained in 'the 
Methods, we first examine spatial properties of the 
steady-state voltage response. When the retina is illumi- 
nated with a step of dim light, the red cone and HI 
horizontal cell respond with graded hyperpolarizations 
and membrane potentials reach a steady level after a 
sufficient ime. To calculate spatial distributions of the 
steady-state r sponse, membranes of red cone and HI 
horizontal cell are represented by pure resistance Rm~ and 
Rr, h, respectively. Accordingly, the decay constants of 
the network are given by (11) and (12), where ct and c2 
are expressed as 
( . )  c~=-  2+~-  ,c2~--- 2+ 
Here, R~ and Rs2 are coupling resistances of the red cone 
and the H1 horizontal cell, respectively. We will deduce 
values of Rmc , Rmh , Rsl and R~2 from previous physio- 
logical experiments. 
The membrane properties were measured under the 
voltage clamp condition in photoreceptors (Bader, 
Bertrand & Schwartz, 1982; Barnes & Hille, 1989) and 
in horizontal cells (Tachibana, 1983; Laster, 1986; Yagi 
& Kaneko, 1988) using isolated preparations. These 
studies revealed that several types of ionic currents exist 
in the cell membrane to yield a high membrane resist- 
ance. The input resistance was estimated to be in an 
order of Gf~ near the dark resting potential in photo- 
receptors (Bader et al., 1982) and in horizontal cells 
(Yagi, 1989). From these observations, the steady-state 
membrane resistance is roughly taken to be 1 Gf~ for 
the red cone and the HI horizontal cell compartment. 
In situ, measurements of input resistance by micro- 
electrodes measure a value of the coupling resistance but 
not of the membrane resistance if the cells are forming 
the syncytium (Jack, Nobel & Tsien, 1975; Lamb, 1976). 
The input resistance of horizontal cell is in an order of 
l Mf~ in the carp retina (Takabayashi & Mitarai, 1985). 
Since the horizontal cell in the carp retina is coupled to 
six surrounding neighbours (Kaneko & Stuart, 1980), 
the coupling resistance connecting two neighbouring 
cells is thought to be six times larger than this input 
resistance. On these observations, the coupling resistance 
of H1 horizontal cell is roughly estimated to be 10 Mr2. 
If we assume that the cell spacing of red cone is 10/~m 
and that of horizontal cell 100/am, the coupling resist- 
ance of the horizontal cell compartment, Rs:, is taken to 
be i MO. We assume that the coupling resistance of red 
cone, R~j is 30 MfL When Rs~ is taken to be this value, 
the spatial distribution of red cone response to a slit of 
light gives a half-decay distance of about 30/~m (shown 
later), which is consistent with previous physiological 
experiments (Detwiler & Hodgkin, 1979). t~(s) and 
t2(s) are constant when the steady-state r sponses are 
calculated. The synaptic strength, t~ can be deduced by 
comparing the amplitude of red cone response with 
horizontal cell response induced by a diffuse illumina- 




FIGURE 3. Trajectory of decay constant on the complex plane. 
Decay constants were calculated from (11) and (12) in the text. When 
t 2 is changed from -~ to 0, p~ and P2 move to directions indicated 
by arrows. Other network parameters are; Rm,. = Rmh = 1 GfL 
R~I=30MfL R~ 2=IMp,  t t~ lnS .  
illumination, the response amplitude of HI horizontal 
cell is expressed as 
Vh -- t~ V~Rmh. 
Here, V h and Vc are responses of the H1 horizontal cell 
and the red cone, respectively [see Fig. 5(A)]. The 
magnitude of response amplitude is similar in the cone 
and the horizontal cell in the turtle retina (Schnapf & 
Copenhagen, 1982). If we simply assume V~: Vh --- 1: 1, tt 
is taken to be l/Rr, h and becomes 1 nS. 
Different from t~, it is not easy to estimate the strength 
of negative feedback, t2, from physiological experiments. 
Therefore, we study how the strength of negative feed- 
back affects spatial properties of red cone and H1 
horizontal cell responses and estimate a range of the 
physiologically plausible value. For this purpose, it is 
useful to analyse trajectories of the decay constants on 
the complex plane. Figure 3 illustrates the trajectories 
of p~ and P2 which are obtained by changing the value 
of t2. Although c~ and c2 are real values, p~ and p: take 
either a real or a complex value, tz takes a negative value, 
since it is the negative feedback. As shown in Fig. 3, Pt 
and P2 take real values when -7.0 nS < t 2 < 0. In this 
region, the amplitude of steady-state r sponse to a slit of 
light decays monotonically as the distance from the 
illuminated cell increases. Pt and P2 take identical value 
(~ 0.88) when t2 ~ - 7.0 nS. As t2 ~ O, which means the 
strength of negative feedback becomes weaker, 
p~--.0.84 and p2--~0.97. Figure 4 illustrates spatial 
distributions of red cone and HI horizontal cell re- 
sponses to the slit of light. In this figure, t 2 is taken 
to be -1 .0  nS. The amplitude of red cone response 
decreases to one-half of its maximum at about 30/~m 
from the edge of slit [Fig. 4(A), solid line]. This is a 
reasonable fit to previous physiological experiments 
(Detwiler & Hodgkin, 1979). The red cone response 
shows a receptive field surround where a slightly de- 
polarizing response due to the negative feedback from 
the horizontal cell is seen. However, the receptive field 
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surround is not as distinct as the bipolar cell's (Kaneko, 
1970). In the bipolar cell, the receptive field surround 
antagonizes to the receptive field centre so that the 
diffuse illumination evokes only a small centre response. 
Further increase of  the negative feedback strength in- 
duces an oscillation, which has never been observed by 
intracellular ecordings (see Discussion). The half-decay 
distance of  i l l  horizontal cell is about 200 #m [Fig. 4(B), 
solid line], which is also consistent with previous physio- 
logical experiments (Lamb, 1976; Yagi, 1986). If the 
negative feedback is absent, the receptive field surround 
of  red cone disappears and the response amplitude 
increases [dotted line in Fig. 4(A)]. The increment of  
amplitude due to the absence of feedback is more 
prominent in the horizontal cell response [dotted line in 
Fig. 4(B)]. The amplitude is about 1.5 times larger at 
0#m when the feedback is absent. The half-decay 
distance is prolonged about 90 #m in the horizontal cell. 
Thus, the feedback is found to have larger effects on HI 
horizontal cell responses. 
When - oo < t2 < -7 .0  nS, p~ and P2 take conjugate 
complex numbers, i.e. pj = p *. In this region, the ampli- 
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FIGURE 4. Spatial profile of red cone and horizontal cell responses 
calculated from the model. The response amplitude is plotted as a 
function of the distance from the cell centre. The amplitude is 
normalized by that obtained in the cell centre. The cell spacing of red 
cone is taken to be 10/am. Response amplitudes are normalized by the 
amplitude at 0#m. The slit of light is assumed to induce a constant 
current I 0 in red cones locating between -50  and 50#m. The 
horizontal bars below the abscissa indicate the illuminated region. 
Parameters of the model are: Rmc=Rmh = 1 GfL R~l = 30M~, 
Rs2 = 1 MfL tj = 1 nS and t z = - 1 nS. Dotted lines are calculated with 
t 2 = 0, which corresponds to the absence of negative feedback. 
(A) Spatial distribution of the red cone voltage. (B) Spatial distribution 
of the H1 horizontal cell voltage. 
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FIGURE 5. Dynamical properties of the response to a diffuse light. 
Response waveforms were calculated from the model shown in (A). 
The current expressed by (18) is assumed to be induced in the red cone. 
The cell membrane is expressed by a combination of a resistance and 
a capacitor. The capacitance is taken to be 50 pF for the red cone and 
for the Hl horizontal cell compartment. (B) The response waveform 
of red cone. (C) The response of H1 horizontal cell. (D) The 
time-course of light-induced current. A solid lines and dotted lines 
correspond to t 2 = -1 nS and t 2 = 0, respectively. Other parameters 
are the same as Fig. 4. 
in the HI horizontal cell as well as in the red cone (not 
shown). Such oscillatory spatial profile has not been 
observed in either the red cone nor the H1 horizontal cell 
responses. Network parameters falling in this region are 
not appropriate to explain physiological responses. 
Response  to a dif fuse i l luminat ion 
Dynamical properties of  red cone and H1 horizontal 
cell responses to a diffuse illumination were calculated 
from the model using the network parameters estimated 
in the previous section. To calculate response wave- 
forms, the membrane was assumed to be expressed by 
a combination of  a pure resistance and a capacitor 
[Fig. 5(A)]. In that case, the membrane impedances of 
the red cone becomes 
Rmc 
Zml  - -  1 " t -  RmcCmc S' (S = 2~J)') 
and that of  the horizontal cell becomes 
Rmh 
Zm2 - -  (S = 2=j)" ) .
1 + Rmh Cmhs' 
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Dynamical properties of synaptic transmission are also 
taken into account and the synaptic strengths are de- 
scribed by a first-order low-pass filter (Kamermans, van 
Dijk & Spekreijse, 1989b), i.e. 
t i ( s ) -  K, (i = 1,2). 
1 + %s' 
Here, ~:i is a gain and ri is a time constant, r, is taken to 
be 16msec (Schnapf & Copenhagen, 1982). The time 
constant of r2 is also taken to be 16 msec, for simplicity. 
We use an empirically obtained equation to simulate the 
time-course of light-induced current by a flash of light 
(Baylor, Hodgkin & Lamb, 1974), i.e. 
I k ( t )=exp( - -~t ) (1 - -exp( - -49t ) )  m '. (18) 
Here, 4) and m are constants. The Laplace transform of 
this equation is 
(m-1)!~bm I
Ik(s) = (19) 
(s + qS)(s + 2~b)(s + 3~b) • • • (s + mq~)" 
The voltage responses are obtained from (16), (17) and 
(19) with the aid of inverse FFT. Figure 5 shows the 
waveforms of voltage responses of red cone [Fig. 5(B)] 
and HI horizontal cell [Fig. 5(C)] to the diffuse flash 
calculated from the model. The time--course of light- 
induced current used to calculate the voltage responses 
is shown in Fig. 5(D). As shown in Fig. 5(B), the 
response waveform of red cone (solid line) is faster than 
that of light-induced current [Fig. 5(D)] in the recovery 
phase. The calculated response of H1 horizontal cell is 
slower than that of red cone because the signal transmit- 
ted to the horizontal cell from the red cone is affected by 
the capacitive component of horizontal cell membrane. 
On contrast, intracellular ecordings showed that the 
time to peak is shorter in the horizontal cell response 
than the photoreceptor response in the turtle retina 
(Fuortes & Simon, 1974; Schnapf & Copenhagen, 1982). 
A differential mechanism of the transmission found in 
the turtle retina is necessary to explain this discrepancy 
(Schnapf & Copenhagen, 1982). To analyse the effect of 
negative feedback from the red cone to the H1 horizon- 
tal cell, responses were calculated when t2 = 0 (dotted 
lines). The time-courses of the falling phase (the initial 
phase of response) calculated without the feedback are 
similar to those calculated with the negative feedback 
(t2 = - l  nS) in both red cone and H1 horizontal cell. 
However, response waveforms become prominently 
slower in the recovery phase, when the negative feedback 
is absent. These observations suggest hat the negative 
feedback plays an important role to improve the detec- 
tion of the termination of stimulus without affecting the 
response amplitude. 
Response to a displaced slit o f  flash 
The spatio-temporal properties of responses calcu- 
lated from the model were studied in comparison with 
previous physiological experiments in which the 
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FIGURE 6. Dynamical properties ofthe red cone response tothe slit 
of light. The current expressed by(18) is assumed tobe induced in the 
red cone at the centre. 4~ and m are 25 sec ~ and 6, respectively. The 
voltage responses were calculated from the cell at 0, 30 and 200 #m and 
are shown in (A), (B) and (C). Solid lines and dotted lines correspond 
to t 2 = - 1 nS and l 2 = 0 ,  respectively. Cmc and Cmh are 100 pF and R~2 
is 1 MI). Other parameters are the same as Fig. 4. The intracellular 
responses (~) are replotted with permission from Detwiler and 
Hodgkin (1979). The replotted responses in (B) and (C) correspond to
-13 and -25 #m of the text--Fig. 10 of their paper. 
Dynamical properties of the red cone response to the slit 
of flash are shown in Fig. 6 (solid lines). In this case, only 
the cell centre is assumed to be illuminated by the slit of 
flash. The calculated responses in Fig. 6(A, B, C) are 
obtained from the cell numbers 0, 3 and 20, respectively. 
The locations of these cells correspond to the centre, 30 
and 200/~m, if the cell spacing of red cone is 10 #m. As 
the distance from the slit increases, the response ampli- 
tude of red cone decreases and then becomes depolarized 
due to the negative feedback from H! horizontal cell 
[Fig. 6(C)]. The response waveforms were calculated for 
the case in which the negative feedback is absent (dotted 
lines). The waveform of the red cone response becomes 
slightly slower when the feedback is absent. In this figure 
the intracellular esponses obtained by Detwiler and 
Hodgkin (1979) are replotted (~)  for comparison. The 
responses calculated from the model showed a reason- 
able fit to experimental data. 
Figure 7 shows dynamical properties of the H1 hori- 
zontal cell response to the slit of flash. The responses are 
calculated when the feedback is present (solid lines) and 
absent (dotted lines). The absence of the feedback affects 
the H 1 horizontal cell response much more prominently 
than the red cone response. The recovery phase of 
response becomes much slower when the feedback is 
absent. The time-course of response becomes lower as 
the distance from the slit increases because of the 
capacitive component of the membrane. However, the 
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intracellular ecordings obtained in the previous study 
(Yagi, 1986) do not show such properties (O). The time 
to peak of intracellular esponse does not change when 
the slit is displaced. This observation suggests that there 
is a differential effect in the lateral spread of signal in the 
horizontal cell syncytium. 
Effect of coupling res&tance change of i l l  hor&ontal cell 
Several lines of evidence indicate that the electrical 
coupling between horizontal cells is controlled by dopa- 
mine (Negishi & Drujan, 1979; Teranishi et al., 1983). 
Dopamine changes the receptive field of horizontal cell 
so that the response amplitude to a small spot of light 
increases and that to an annulus decreases. This change 
of receptive field is thought to be due to a resistance 
increase of the gap-junction connecting neighbouring 
horizontal cells. The effects of the coupling resistance 
increase of H1 horizontal cell are analysed in the red 
cone and the H1 horizontal cell responses (Fig. 8). The 
receptive field size is reduced by increasing the coupling 
resistance of H1 horizontal cell in both red cone and 
horizontal cell. Solid lines show the spatial distributions 
of steady-state response to the slit of light which 
are calculated when Rs2 = 0.1 MfL Dotted lines are 
calculated when R~2 = 1.0 MfL Figure 8(B) shows the 
H1 horizontal cell response. As shown in the figure, 
the amplitude of horizontal cell response prominently 
increases around the illuminated region and decreases in 
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FIGURE 7. Dynamical properties of the H 1 horizontal cell response 
to the slit of light. The current expressed by (18) is assumed to be 
induced in the red cone between -150 and 150#m. The voltage 
responses were calculated from the cell at 0, 270 and 400 pm and are 
shown in (A), (B) and (C). Solid lines and dotted lines correspond to
t 2 = -- 1 nS and t 2 = 0,  respectively. Cmc and Cmh are 70 pF and Rsz is 
1 MfL Other parameters are the same as Fig. 4. The intracellular 
responses (•) are replotted with permission from Yagi (1986). The 
replotted responses in (A), (B) and (C) correspond to 0, 200 and 







i i i 




Distance [# m ] 
.< 
O 
i i i i i , 
250 500 750 1000 1250 1500 
Distance [/z ra ] 
B 
FIGURE 8. Effect of horizontal cell coupling resistance hange on 
spatial properties. The amplitudes ofsteady-state response to the slit 
of light are plotted as a function of the distance. The amplitude is
normalized by that obtained in the cell centre. Horizontal bars under 
the abscissa show the width of illuminated region. Solid lines and 
dotted lines are spatial profiles calculated with R~2 = 0.1 MI'~ and 
Rs2 = 1 MI), respectively. (A)Red cone response. (B) HI horizontal cell 
response. 
This is consistent with previous physiological exper- 
iments (Teranishi et al., 1983). Contrary to the H! 
horizontal cell, the response amplitude slightly decreases 
around the illuminated region in the red cone response 
[Fig. 6(A)], when the coupling resistance of H1 horizon- 
tal cell increases. In other words, the response gain of red 
cone is slightly decreased by the increment of the coup- 
ling resistance of H1 horizontal cell. These observations 
together with previous physiological experiments 
(Shigematsu & Yamada, 1988) suggest hat the control 
of the horizontal cell coupling resistance by dopamine 
is an elaborated neural adaptation mechanism which 
adjusts response properties of the network from 
the dark-adapted state to light-adapted state (see 
Discussion). 
The effects of coupling resistance change on dynami- 
cal properties of the red cone response to the slit of flash 
were calculated and are shown in Fig. 9. The calculated 
responses, Fig. 9(A, B, C) are obtained from the cell 
numbers 0, 6 and 25, respectively. The coupling resist- 
ance was increased from 1 M~ (dotted line) to 5 M~ 
(solid line). The time-course of response becomes 
slightly faster with a small rebound depolarization when 
the coupling resistance increases. This effect resembles 
the effect of feedback shown in Fig. 6. On the other 
hand, the increase of coupling resistance has different 
effect on the horizontal cell response (Fig. 10). The 
amplitude of response becomes larger at the centre cell 
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as indicated by Fig. 8(B). However, the time to peak of 
the response becomes lightly longer when the coupling 
resistance increases, which is clearly seen in Fig. 10(B). 
The effects of dopamine on the response waveform have 
not been studied systematically so far and are expected 
to be clarified by the intracellular recordings. 
DISCUSSION 
Previous physiological and morphological studies 
have revealed that the visual information processing is
carried out by synaptic interactions between neural 
syncytia in the lower vertebrate retina. We think it 
is possible to extend this observation of the lower 
vertebrate retina to the mammalian retina. Although 
electrophysiological studies on the mammalian retina 
have not been as extensive as those on the lower 
vertebrate retina, morphological studies have revealed 
that electrical synapses exist between macaque photo- 
receptors (Cohen, 1965; Raviola & Gilula, 1973; 
Tsukamoto, Masarachia, Schein & Sterling, 1992). Thus, 
it is important to elucidate the spatio-temporal proper- 
ties of the interacting multiple layers of syncytium. To 
date, the interaction between red cone and H1 horizontal 
cell syncytium has been described with analytical sol- 
utions using distributed models (Krauz & Naka, 1980; 
Tranchina, Gordon & Shapley, 1983). Here, we propose 
the discrete model because of the fact that the retinal 
circuit consists of the discrete elements. The discrete 
model has an advantage when we study the electrical 
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F IGURE 9. Effect of horizontal cell coupling resistance change on 
dynamic properties of cone response. Dynamical properties of the red 
cone response to the slit of light are calculated from the model. The 
current (18) is assumed to be induced in the red cone between -50  and 
50 #m. ~b and m are 25 sec ~ and 6, respectively. The voltage responses 
were calculated from the cell at 0, 60 and 250/~m and are shown in 
(A), (B) and (C). Solid lines and dotted lines correspond to Rs2 = 5 MI2 
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F IGURE 10. Effect of horizontal cell coupling resistance change on 
dynamic properties of horizontal cell response. Dynamical properties 
of the horizontal cell response to the slit of light. The current (18) is 
assumed to be induced in the red cone between -50  and 50 #m. The 
voltage responses were calculated from the cell at 0, 200 and 400 #m 
and are shown in (A), (B) and (C). Solid lines and dotted lines 
correspond to R~2 = 5 Mfl and Rs2 = 1 MfL respectively. Parameters 
are the same as in Fig. 9. 
properties of the response in relation to cell dimensions 
and cell spacings, which are critical parameters todeter- 
mine a spatial resolution. 
The time-course as well as the amplitude of photo- 
receptor and horizontal cell responses to a diffuse illumi- 
nation was found to be linearly related to the stimulus 
intensity, when the light is dim (Baylor et al., 1974; 
Fuortes & Simon, 1974). Therefore, each neuron was 
described by a single compartment consisting of the 
simple RC circuit in the present model. By choosing such 
model, spatio-temporal properties of the network re- 
sponse were described with the critical coefficients, which 
are the analytical solutions of the model. From the 
analytical solutions, one can gain more intuitive insights 
on the response properties referring to physiological 
parameters of the circuit. The present model demon- 
strated that spatio-temporal properties of red cone and 
H1 horizontal cell responses are characterized by two 
decay constants. It is to be emphasized that the decay 
constants are expressed by physiological parameters [ ee 
equations (11), (12), (14) and (15)]. Effects of changing 
physiological parameters on the spatial properties of the 
response can be outlined by the trajectory of decay 
constants plotted on the complex plane (see Fig. 3). 
Computer simulation analyses were made on the 
double layer syncytium consisting of cones and H1 
horizontal cells using discrete models (Usui, Kamiyama 
& Sakakibara, 1988; Kamermans, et al., 1989b). These 
models include more precise descriptions of the network 
and provided an adequate fit on nonlinear properties of 
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the response (Usui, et al., 1988; Kamermans, van Dijk 
& Spekreijse, 1989a). The nonlinear properties cannot be 
studied with the present model. However, in these 
nonlinear models the spatial and dynamical codings of 
the network are evaluated only numerically. A combi- 
nation of these two kinds of models, the linear single 
compartment model and the detailed nonlinear model, is 
necessary for further understanding of the functions of 
cones and horizontal cells. 
In rods, the time to peak of voltage response becomes 
shorter as the distance from the flash of light increases 
(Detwiler, Hodgkin & McNaughton, 1978). This obser- 
vation was explained by assuming a phenomenological 
reactance of the membrane which is thought to be 
brought about by a voltage-dependent conductance. The 
cone response of turtle retina does not show such 
reactance effect (Detwiler & Hodgkin, 1979). The intra- 
cellular recordings on the H1 horizontal cell did not 
show the reactance ffect explicitly (Yagi, 1986). How- 
ever, the time-course of response to the displaced slit 
recorded intracellularly was revealed to be faster than 
that predicted by the model. The electrical coupling 
between neighbouring cells is more tight in the H1 
horizontal cell than in the red cone, meaning that the 
current spreads to a long distance in the HI horizontal 
cell syncytium to charge the membrane capacitance 
of distant cells. The difference between the calculated 
response and the experimentally obtained one suggests 
the reactance ffect in the horizontal cell response. We 
expressed the membranes ofcone and HI horizontal cell 
by the combination of the pure resistance and the 
capacitor in the present model. The phenomenological 
reactance might be necessary in the cell membrane, 
which can be easily done with the present model. 
As it was pointed out by previous tudies (Kraus & 
Naka, 1980; Kamermans et al., 1989b), the negative 
feedback has large effects on spatial and dynamical 
properties of the response (Figs 6 and 7). The negative 
feedback quickens the recovery phase of responses in 
both red cone and H1 horizontal cell. It is noticeable that 
the negative feedback does not affect he peak amplitude 
of response to the flash. The response gain is not 
suppressed by the negative feedback, indicating that a 
detection of such instant stimulus is not deteriorated. 
The cone is known to show the receptive field surround 
because of the negative feedback from the horizontal cell 
(Baylor et al., 1971). This feedback pathway is presumed 
to produce the centre-surround receptive field of bipolar 
cell and higher order neurons (Baylor et al., 1971; 
Kaneko, 1973; Kaneko & Tachibana, 1986). However, 
the model proposed in the present study predicts that 
it is unlikely for the negative feedback to produce so 
prominent receptive field surround as the bipolar cells. 
The receptive field surround cannot be promoted by 
increasing the strength of negative feedback. If the 
strength increases, the time-course of the red cone 
response shows the oscillation as shown in Fig. 11. Such 
oscillatory response is not observed from intracellular 
recordings. Some nonlinear mechanisms may exist to 
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F IGURE 11. Oscillation of the response caused by an increase of the 
negative feedback strength. Responses to a diffuse flash were calculated 
from the model shown in Fig. 5(A). Solid lines show the response 
calculated with t 2 =-1  nS and dotted lines with t2=-5  nS. (A) 
Response of red cone. (B) Response of HI horizontal cell. 
tions from the horizontal cells to the bipolar cells are 
another possibility of the receptive field surround of the 
bipolar cell. Further physiological experiments a well as 
computational studies are needed to clarify this issue. 
The increment of synaptic strength from red cone to H1 
horizontal cell (t,) has the same effect on the decay 
constant as the increment of the negative feedback 
strength (t2). This can be deduced from equations (14) 
and (15), in which tj and t2 appear in the decay constants 
as a product, t~ x t2. Thus, the increase of synaptic 
strength from the red cone to the HI horizontal cell also 
quickens the time-course of responses and the further 
increase induces the oscillation. 
The effect of dopamine on the horizontal cell was 
mimicked by exposing the retina in the light-adapted 
state (Shigematu & Yamada, 1988). This suggests that 
the increase of coupling resistance of H1 horizontal cell 
is somehow linked with light-adaptation mechanism. 
The most likely function of the dopamine is to adjust he 
receptive field size in accordance with the signal to noise 
ratio of the image, which is usually different in the light- 
and the dark-adapted states. The retina is confronted 
with several types of noises, e.g. the quantum noise 
of photon, the spontaneous thermal isomerization of 
photo-pigment and synaptic noises. The relative magni- 
tude of these noises to the signal is thought o be small 
in the light-adapted state since the light intensity of 
the signal is high. Accordingly, the receptive field size of 
the cell is to be reduced to gain the spatial resolution in 
the light-adapted state. When the mean intensity of the 
image becomes weak, the relative magnitude of the 
noises becomes large. In such a case, the receptive field 
size is to be increased to average the noise (Lamb & 
Simon, 1976). The present model also predicted that the 
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time-course of responses to the slit of light is fastened 
by increasing the HI horizontal cell coupling resistance 
and the rebound response is seen. In the visual systems 
of fly, responses of large monopolar cells to the flash 
show more prominent rebound depolarizations as the 
signal-to-noise ratio of the stimulus increases, as is 
required for predictive coding (Srinivasan, Laughlin & 
Dubs, 1982). Integrating above observations, it is 
thought to be reasonable to relate the dopamine to the 
neural adaptation mechanism. 
The red cone projects to the bipolar cell to constitute 
the receptive field centre. Therefore, the size of red cone 
receptive field directly affects the spatial resolution of 
bipolar cell. Why is the modification of coupling resist- 
ance made in the H1 horizontal cell syncytium but not 
in the red cone syncytium? The change of coupling 
resistance modifies the gain of light-induced response 
and the size of receptive field simultaneously. If the 
coupling resistance increases in the red cone syncytium, 
the current spreading to the neighbouring cells decreases 
and the transmembrane current increases. Thus, the 
response amplitude increases in illuminated cells. The 
spatial contrast of the light intensity is usually high in the 
light-adapted state, which means that the gain of red 
cone response is expected to be low to obtain a sufficient 
dynamic range. These requirements for the red cone 
response in the light-adapted state, namely, the small 
receptive field size and the low response gain, 
are achieved simultaneously by increasing the coupling 
resistance of HI horizontal cell. 
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APPENDIX  A 
We first obtain the general solution of (2). By assuming the solution 
of the form 
Vk(s )=A(s )p(s )  k, (k =2 . . . . .  n - l ) ,  (AI) 
we find an equation for p (s) from (2), i.e. 
p(s)2 +cp(s )+ l =0.  
Relevant solutions are 
e (s) - x/c (s)2 __ 4 
pt(s) . . . . . . . . . . . . . . . . . . . . . . . .  , 
2 
-- e (s)  + x /c  (s)2 _ 4 
p2(s) 
2 
Thus, the general solution of Vk(S) is a linear combination of above 
two solutions expressed as 
Vk(s ) = A I ( s )p t  ( s )  ~ + A2(s )p2(s )  k. 
Here, A t (s) and A2(s) are functions of frequency and are determined 
by boundary conditions. If the number of cell n is sufficiently large, 
A2(s) is taken to be 0 because ]Pz] >/1 and we find 
V,(s) = Al(s)pl(s)  k. 
On combining this solution and (1), Al(s ) is found to be 
lo(s) 
A I (s) = R~ 
~;3  -4 
OHSHIMA et al. 
APPENDIX  B 
We assume the same form of the solution as (AI). Then, we find the 
following equation for p(s) from the kth column of (7) or (8), 
p4"~ (C I +C2)p3+(ClC2+2 --t l t2ZmlZm2)p2+(ct +c2) p + 1 =0.  
(BI) 
Here 
Pl (s) = (c L c 2 + 2 - t I t 2 R~I R~2 ) + 2(c I + c 2 )Pl + 2p ~, 
P2 (s) = (c I c 2 + 2 - t I t 2 R~t R~2 ) + 2(c~ + c 2 )P2 + 2p ~, 
Ql(s) = (c I + c 2) + (c Ic 2 + 3 -  t It 2R~IR~2)pl + (cl + c2)p ~ + p ~, 
Q2(s) = (el + c2) + (ctc2 + 3 -  t It2R~l R~2)p2 + (c I + c2) p ~ + p ~. 
This can be rewritten as 
(p 2 + 20¢p + l)(p2 + 2tip + 1) = 0. (B2) 
Comparing (BI) with (B2), we find relations 
C I + L'~ 
~+f l= - - -  
2 
@fl Cl C 2 - -  l I l 2 Zml  Zm2 = . . . . . . . . . . . . . . . . . . . .  , 
4 
from which (13) in the text is obtained. The solutions of (B2) are 
Among these solutions, p~ and P2 meet the boundary condition for 
n --~ ~.  Thus, V~l and V~2 have forms of 
Vk) (s) = A I (s)p L (s) t + A2(s)p2(s) l',
V~2 (s) = B I (s)pl  (s)a + 92 (s)p2 (s)~. 
A~(s), A2(s ), BL(s ) and B2(s ) are calculated from the boundary 
conditions at k = 0 and k = 1 which are the first and the second rows 
of (7) and (8). Solving the boundary conditions we obtain, 
A, (s )= !P2-e2Q2)R'Llo A (s) (P I -c2QI )R , I Io  
Q2PI - QI P2 ' Qi P2 - Q2PI 
tiR~2R~lQ21o t iR.~RtQi l~ 
B I(s) = " ~ B,(s) = -~ -~ . 
Q2P I -Q IP2 '  - Qip2 Q2PI 
